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1. Introduction 
Anthropogenic and natural aerosols are important 
atmospheric constituents that significantly contribute to 
Earth’s radiation budget through a variety of pathways such 
as direct effects on scattering and absorption of solar 
radiation, indirect effects on cloud microphysics, and 
semi-direct effects (Kaufman et al., 2002; Ramanathan et al., 
2007; Yoon et al., 2005). In the past 30 ~ 40 years, North 
East Asia has been experiencing a considerable increase in 
anthropogenic pollution aerosols. In addition, North East 
Asia is one of the major source regions of wind-blown 
mineral dust aerosols. These aerosols significantly influence 
the solar and terrestrial radiation budgets (Huebert et al., 
2003; Kim et al., 2004, 2005, 2008; Nakajima et al., 2007; 
Ramanathan et al., 2007; Won et al., 2004; Yoon et al., 2005). 
The aim of this study is (1) to investigate the columnar 
optical properties and evaluate the resulting aerosol direct 
radiative forcing and atmospheric heating at Gosan (Korea) 
for a seven-year period, based on sun/sky radiometer and 
micro-pulse lidar observations and radiative transfer 
calculations, (2) to evaluate aerosol lidar ratio 
(extinction-to-backscatter ratio) using 4-year measurements 
of elastic-backscatter lidar and sky radiometer at Seoul 
National University of Seoul, Korea. 
 
2. Aerosol Direct Radiative Forcing (ADRF) 
2.1 ADRF calculation 
The aerosol direct radiative forcing (F) and forcing 
efficiency (β, defined as F per unit τ) for the predominantly 
cloud-free days are calculated using the column radiative 
model (CRM-2.1.2), which is a stand-alone version of the 
radiative transfer model implemented in the NCAR Climate 
Community Model (CCM-3.6). The CRM uses a 
δ-Eddington approximation with 19 spectral intervals 
spanning from 0.2 to 5 μm and accounts for several gas 
absorption spectra; seven spectral bands for O3 and H2O and 
three for CO2, and the absorption of N2O, CH4, CFC-11, 
CFC-12 are included. The followings are replaced in the 
original version of the CRM so that it can be used in the 
present study (Won et al., 2004): 
(a) The number of computational layers is extended from 
18 to 54; from surface to approximately 63 km altitude. The 
vertical resolution is about 23.7 hPa (i.e., 0.2 km interval 
near the surface and gradually broadened with increasing 
altitude, about 2.85 km at top layer).  
(b) The aerosol module of the CRM is modified to ingest 
the AERONET measured variables (τ, ω, and g), and 
subsequently calculate the parameters at the 19 bands   
from the information obtained at the four AERONET 
wavelengths. We used a linear regression method in the log 
– log plane (where  is the wavelength and  denotes τ, ω, 
and g) to determine the aerosol parameters in 19 
wavelength-bands. 
(c) The AOD obtained from AERONET sky radiometer 
was apportioned with altitude using MPL-derived extinction 
profiles. The constant values of SSA and g were applied to 
all altitudes in the calculation of atmospheric heating rate. 
In addition, we estimate the effect of aerosols on the 
radiation budget by considering their vertical distribution 
(i.e., atmospheric heating rate) on the basis of the aerosol 
profiles measured by the co-located MPL system. 
 
2.2 ADRF and atmospheric heating rate at Gosan 
Figure 1(a) shows the monthly mean temporal variations 
in the optical properties of aerosols and precipitable water 
content obtained from AERONET observations. It should be 
mentioned that almucantar retrievals from AERONET 
instrument are not sufficient for radiative transfer 
calculations in November due to routine instrument 
maintenance and calibration. At the Gosan site, the monthly 
mean AOD at 675 nm lies between 0.12 and 0.36 (annual 
mean of 0.29  0.19), with significantly high values (>0.33) 
observed from April to June, while low-to-moderate 
monthly mean AODs were apparent during the remaining 
months. The monthly mean Ångström exponent (Å) range 
remained fairly low (<1.0) from February to May, indicating 
the relative dominance of coarse particles to the solar 
extinction, whereas it was relatively high in the remaining 
months (>1.2), suggesting the important role played by fine 
aerosols on radiation. The high AODs observed from March 
to May can be attributed to the frequent outbreak of Asian 
dust storms (as indicated by the low Å). Accumulation of 
locally and regionally emitted fine pollution aerosols (as 
indicated by the relatively high Å) due to the prevailing 
stationary anti-cyclonic circulation also leads to an increase 
in AODs in May and June. Monthly values of SSA are 
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Figure 1. (a) Monthly (left panel) and seasonal (right panel) means of AOD (), Ångström exponent (Å), SSA (ω), 
asymmetric parameter (g), and total amount of precipitable water (TPW) determined by the AERONET Sun/sky 
radiometer at Gosan from April 2001 to March 2008. (b) The monthly (left panel) and seasonal (right panel) 
variations of aerosol direct radiative forcing (upper panel; W m–2) and forcing efficiency (lower panel; W m–2 –1) 
at Gosan. 
 
relatively low from February to May (<0.93) due to the 
transports of dust as well as fine pollution aerosols (Huebert 
et al., 2003), whereas high values of SSA (>0.93) are 
observed during the rest of the period. The annual mean of 
SSA is 0.93  0.04. The asymmetric parameter (g) shows 
almost constant values (0.65 < g < 0.67), except during 
autumn (~0.63).  
Figure 1(b) shows the monthly and seasonal variations in 
aerosol direct radiative forcing (F; W m–2) and forcing 
efficiency (β; F/τ; W m–2 τ–1) at Gosan. The monthly mean 
Fs are calculated using the monthly mean aerosol 
parameters. Similar to the case of AOD variations, strong 
intra-seasonal and seasonal variations were observed in the 
aerosol radiative forcings, with quite high values: annual 
mean of –27.55  9.21 (surface), –15.79  4.44 (TOA), and 
11.76  5.82 W m–2 (atmosphere). The mean β is evaluated 
to be –91.85  11.12 W m–2 –1 at the surface and –53.76  
6.70 W m–2 –1 at the TOA. From March to June, the surface 
F (β) was between –27.29 (–85.33) and –34.76 W m–2 
(–97.19 W m–2 τ–1), that at the TOA was between –16.84 
(–51.82) and –19.10 W m–2 (–56.05 W m–2 τ–1), and the 
atmospheric forcing was between 10.45 and 16.41 W m–2. 
Significant aerosol forcings from March to May are 
consistent with high AODs and can be attributed to the 
wind-blown mineral dust aerosols transported from the 
Asian continent by the westerlies (Kim et al., 2005, 2007, 
2008; Nakajima et al., 2007). Enhanced aerosol direct 
forcings in May and June are due to an increase in the fine 
pollution aerosol loads, which is caused by stationary 
regional meteorological conditions and the associated 
transport of anthropogenic fine pollution aerosols from 
China (Kim et al., 2007). The continental air mass becomes 
weak and the clean marine air mass has not expanded over 
China/Korea in May and June, thereby mid-latitude westerly 
zonal flow (i.e., west-to-east flow) is relatively stagnant. The 
large discrepancy in F between the surface and the TOA, 
i.e., atmospheric forcing, suggests the presence of 
light-absorbing aerosols, which is consistent with relatively 
low SSA. During these periods, atmospheric radiative 
forcing also increases. These results indicate that aerosols 
over East Asia can significantly heat the atmosphere. On the 
other hand, the relatively low monthly mean aerosol direct 
forcings from July to August and in autumn/winter are 
directly related to the frequent rainfalls and very high wind 
speed conditions, respectively. 
Monthly and seasonal mean profiles of atmospheric 
heating rate are shown in Figure 2. The evaluation of F   
is usually dependent on the total amount of aerosols in the  
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Figure 2. Monthly variations in atmospheric shortwave heating rates (K day–1) at Gosan, Korea. 
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3. Characteristics of the lidar ratio determined from 
lidar and sky radiometer measurements in Seoul 
atmospheric column. However, the radiative heating rate, 
defined as the rate of temperature change in a layer due to 
radiative heating and cooling, at a shortwave regime can be 
influenced by aerosol vertical distributions and the amount 
of light-absorbing aerosols (i.e., AOD and SSA). The 
radiative heating of the atmosphere is apparent below an 
altitude of approximately 1.5 km because most of the 
aerosols are confined to the planetary boundary layer. The 
strongest radiative heating occurs in spring and summer due 
to of the increase in dust aerosols and light-absorbing 
aerosols (May and June). The monthly mean radiative 
heating rate in May exceeds 2.7 K day–1, which is almost 
twice that in autumn and winter. In addition, compared to 
autumn and winter, the frequent passage of springtime Asian 
mineral dust aerosols in free troposphere and the seasonal 
increase of boundary layer mixing height in summer cause 
significant atmospheric radiative heating above 1 km. 
Figure 3 shows the flow of lidar ratio calculation process 
by comparing the aerosol optical depth calculated from lidar 
(lidar) and sun/sky radiometer (sky) measurements. If the 
difference between lidar and sky is less than 0.5%, we finally 
determine lidar ratio and then extract aerosol extinction 
profile. 
Figure 4 shows seasonal variations of lidar ratio, 
Ångström exponent, and depolarization ratio from 4-year 
measurements of elastic-backscatter lidar and sky radiometer 
at Seoul National University of Seoul, Korea. The mean 
lidar ratio (with standard deviation) based on 4 years of 
measurements is found to be 61.69±16.46 sr, and weak 
seasonal variations are noted with a maximum in JJA 
(68.06±16.78 sr) and a minimum in DJF (57.18±17.94 sr). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 3. Flow chart of the algorithm for determination of the lidar ratio and extinction profile. 
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Figure. 4. Seasonal variation of (a) lidar ratio, (b) 
Ångström exponent, and (c) depolarization ratio at 
Seoul, Korea. Top and bottom of Boxes and 
whiskers represent 75th, 25th, 95th and 5th 
percentile, respectively. Lines in the boxes are 
median values and dots represent mean values. 
Lidar ratio and depolarization ratio are at 532 nm, 
and Ångström exponent is determined from AOT at 
five wave length (400, 500, 675, 870, 1020 nm). 
 
 
 
 
 
Table 1. Lidar ratio at 532 nm for different aerosol types. 
Aerosol type Lidar ratio (Sr) Location Reference 
32 ± 6 Africa Voss et al., 2001 
35 Europe Ansmann et al., 2001 Clean 
45.0 ± 9.5 Seoul, Korea  This Study  
41 ± 8 Sahara Voss et al., 2001 
42 - 55 Tokyo, Japan Liu et al., 2002 
50.4 ± 9.4  Tokyo, Japan Murayama et al., 2003 
42 ± 4 Except Asia1) Cattrall et al., 2005  
45.5 ± 8.6 Anmyeon, Korea  Noh et al., 2007  
Dust 
51.7 ± 13.7 Seoul, Korea  This Study  
50 - 70 Portugal  Ansmann et al., 2001 
49 - 70 India Franke et al., 2001 
71 ± 10 Urban1) Cattrall et al., 2005 
Pollution 
62.2 ± 13.2 Seoul, Korea  This Study  
1) Lidar ratios retrieved from 26 AERONET sites across the globe. 
 
4. Summary Table 1 shows the lidar ratios for for clean, dust, and 
polluted conditions in Seoul, Korea. The lidar ratios for 
clean, dust, and polluted conditions in this study are 
estimated to be 45.01±9.48 sr, 51.68±13.66 sr, and 
62.17±13.17 sr, respectively. While the lidar ratio for the 
polluted condition is appeared to be consistent with previous 
studies, clean and dust conditions tend to have larger ratios, 
compared to previous estimates. This discrepancy is thought 
to be mainly due to the anthropogenic aerosols existing 
throughout the year around Seoul, which may cause 
increased lidar ratios even for clean and dust conditions. 
We investigate the columnar optical properties of  
aerosols advected from the Asian continent to Gosan 
(Korea) and evaluate the resulting direct radiative    
forcing and atmospheric heating for a seven year period, 
based on AERONET observations and radiative transfer 
calculations. We also evaluate aerosol lidar ratio 
(extinction-to-backscatter ratio) using 4-year measurements 
of elastic-backscatter lidar and sky radiometer at Seoul 
National University of Seoul, Korea. The major conclusions 
of this study are as follows: 
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1. At the Gosan site, the monthly-mean AOD at 675 nm 
ranged between 0.12 and 0.36. High AODs were 
observed from April to June (>0.33), while 
low-to-moderate monthly mean AODs were apparent 
during the remaining months. A fairly low Å (<1.0) 
prevailed from February to May due to Asian dusts. 
2. Annual average clear-sky direct forcing (forcing 
efficiency) at the surface was –27.55  9.21 W m–2 
(–91.85  11.12 W m–2 –1) and at TOA was –15.79  
4.44 W m–2 (–53.76  6.70 W m–2 –1), thereby leading 
to an atmospheric absorption of 11.76  5.82 W m–2. 
From March to June, the surface aerosol radiative 
forcing (β) ranged between –27.29 (–85.33) and –34.76 
W m–2 (–97.19 W m–2 τ–1), that at TOA was between 
–16.84 (–51.82) and –19.10 W m–2 (–56.05 W m–2 τ–1), 
and the atmospheric forcing was between 10.45 and 
16.41 W m–2. 
3. The atmospheric absorption translated to an atmospheric 
heating of 1.5 to 3.0 K day–1. The strongest radiative 
heating was estimated to occur from April to June (>2.5 
K day–1). 
4. The mean lidar ratio (with standard deviation) based on 
4 years of measurements in Seoul is found to be 
61.69±16.46 sr, and weak seasonal variations are noted 
with a maximum in JJA (68.06±16.78 sr) and a 
minimum in DJF (57.18±17.94 sr).  
5. The lidar ratios for clean, dust, and polluted conditions in 
Seoul are estimated to be 45.01±9.48 sr, 51.68±13.66 sr, 
and 62.17±13.17 sr, respectively. 
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